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. The invention relates to a substrate which has a coatmg which is obtainable by plasma 
polymerisation and provides a surface which cells can attach to, proliferate on and then 
5 detachfromtoinvadeandrepairawound, typically a cutaneous wound. 

Tissue engineering is an emerging science which has implications with respect to many 
areas of clinical and cosmetic surgery. More particularly, tissue engineering relates to 
the replacement and/or restoration and/or repair of damaged and/or diseased tissues to 
10 return the tissue and/or organ to a functional state. For example, and not by way of 
limitation, tissue engmeering is useful in the provision of skin grafts to repair wounds 
occurring as a consequence of: contusions, or bums, or failure of tissue to heal due to 
.venous or diabetic ulcers. 

15 Skin is a highly complex organ covering the external surface of the body. Skin 
functions, ainongst other things, to prevent water loss from the body and to act as a 
protective barrier against the action of physical, chemical or infectious agents. Skin has 
an elastic property and varies in thickness from 0.5 mm, on for example the eyelids, to 4 
mm on for example the palms and soles. 

20 

Skin is composed of two layers. The outer layer, which is comparatively thin is called 
the epidermis. It is several cells thick and has an extemal lay^ of dead cells that are 
constantly shed from the surface and replaced &om below by a basal layer of cells, 
called the stratum germinativum. The epidermis is composed predominantly of 

25 keratinocytes which make up over 95% of the cell population, the rest include dendritic 
cells such as Langerhans and pigmented cells called melanocytes. It is essentially 
cellular and non vascular, there being relatively little extra cellular matrix except for the 
layer of collagen and other proteins beneath the basal layer of keratinocytes. 
Keratinocytes of the basal layer are constantly dividing, and daugjhter cells subsequently 

30 move outwards, during which they undergo a period of differentiation and are eventually 
sloughed off from the surface. 
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The favoured substratum for supporting the attachment and proliferation and growth of 
cells is collagen 1. For example, keratinocytes seeded or deposited onto collagen- 
glycosaminoglycan (C-GAG) substrates and grafted to bums to form a cultured skin 

5 substitute (CSS), developed into permanent skin tissue after 14-28 days. Keratinocytes 
are also able to grow in vitro on synthetic hydrophilic polymer supports. Keratinocytes 
have been grafted onto poly(hydroxyethyl methacrylate) supports and these have, shown 
improved wound bed healing, with no difference in the cytokeratin pattern of the 
unreconstructed epidermis and normal human skin. 

10 . 

Although collagen is ttie preferred substrate for culturing skin cells and transferring said 
cells to a wound bed, there are disadvantages in using this substrate.^*^ For example, 
collagen has to be prepared, typically from a cadaver, which takes time and expense. 
Moreover, it is important to completely de-cellularise the collagen to reduce immune 
15 rejection and the likelihood of transferring infectious agents to the recipient of the 
donated collagen. Methods to sterilise collagen-containing tissues are known in the art 
but many result in a collagen base which lacks the consistency of native collagen. Th^e 
is therefore a need to develop new substrates which support cell proliferation and 
transfer to a wound bed to promote wound repair. 

20 

A substrate suitable for this purpose would typically have the following characteristics: 
(i) be pliable; (i.e. typically a preferred thickness not greater than 0.2mm ( e.g < 200 
pm), and bi-axially flexible, making it suitable for conformability to a wound, (ii) 
preferably transparent; (iii) able to be sterilised (e.g.by y-radiation),; and (iv) 
25 inexpensive to manufacture and easy to prepare; be in fihn form have a low Tg and be 
semi or non-crystalline. This is in addition to having the characteristics of being able to 
support cell attachment, growtii and detachment of cells to promote wound healing. 
Examples of substrates having some or all of these characteristics are readily available. 

30 We have identijBed substrates which have these characteristics when treated by plasma 
polymerisation, to provide a functionalised surface coating. Plasma polymerisation is a 
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technique which allows an ultra-thin ( eg ca.200mn) cross linked polymeric film to be 
deposited on substrates of complex geometry and with controllable chemical 
. functionality. As a consequence, the surface chemistry of materials can be modified, 
without aflfectmg the bulk properties of the substrate so treated. Plasmas or ionised 
5 gases are commonly excited by means of an electric field. They are highly reactive 
chemical environments comprising ions, electrons, neutrals (radicals, metastables, . 
ground and excited state species) and electromagnetic radiation. At reduced pressure, a 
regime may be achieved where the temperature of the electrons differs substantially 
fi-om that of the ions and neutrals. Such plasmas are referred to as "cold" or "non- 
10 equilibrium" plasmas. In such an enviroimient many volatile organic compounds (eg 
volatile alcohol containing compounds, volatile acid containing compounds, volatile 
amine containing compounds, or volatile hydrocarbons, neat or with other gases, eg Ar, 
have been shown to polymerise (H.K. Yasuda, Plasma Polymerisation, Academic Press, 
London 1985) coating both surfaces in contact with the plasma and fliose downstream of 
15 the discharge. The organic compound is often referred to as the **monomef The 
deposit is often referred to as '^plasma polymer". The advantages of such a mode of 
polymerisation potentially include: ultra-thin pin-hole firee film deposition; plasma 
polymers can be deposited onto a wide range of substrates; the process is solvent firee 
and the plasma polymer is firee of contanmiatidn. Under conditions of low power, 
20 plasma polymer fihns can be prepared which retain a substantial degree of the chemistry 
of the origmal monomer. For example, plasma polymerised fihns of acrylic acid contain 
the carboxyl group (OToole L., Beck A.J., Short R. D., Macromolecules, 1996, 29, 
5172-5177). The low power regime may be achieved either by lowering the continuous 
wave power, or by pulsing the power on and off (Fraser S., Barton D, Bradley J.W., 
• 25 . Short RD, J. Phys. Chem. B., 2002, 22 (106) 5596-5608). 

Co-polymerisation of one or more compounds having functional groups with a 
hydrocarbon allows a degree of control over surface functional group concentrations 
in the resultant plasma copolymer (PCP) (Beck, AJ, Jones F.R,, Short R.D., 
30 Polymer 1996, 37(24) 5537-5539). Suitably, the monomers are ethylenically 
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unsaturated. Thus the functional group compound maybe unsaturated carboxylic 
acid, alcohol or amine, for example, whilst the hydrocarbon is suitably an alkene. 



The use of a low plasma power/monomer (W/F) flow rate ratio produces a plasma 
5 polymer/co-polymer in which the acid functionality of the acid-containing monomer (in 
this example, acrjdic acid) is largely preserved intact (retained) from the plasma-gas to 
the plasma polymer/co-polymer deposit. These deposits do contain oflier functional 
groups (e.g. hydroxyls arising from post plasma oxidation) but are described in 
WO0078928 as *Tiigh acid retention", reflecting the high degree of acid retention from 
10 the plasma gas into the plasma polymer film. 

References herein to include surfaces which have amounts of 2-20% surfece acid, or 5- 
20% surface acid, and in excess of 20% surface acid. The percentages refer to the 
percent of carbon atoms in this type of environment For example, 20 % acid means 
15 that 20 of every one hundred carbons in the plasma polymer is in an acid-type 
envrroiunent 

By plasma polymerisation, it is also possible to deposit a range of other types of 
surfaces. For example the plasma polymerisation of ethylene oxide-type molecules 
20 (eg. tetraethyleneglycol monoallyl ether) to form *non-fouling' surfaces is well 
known (Y. J. Wu et al., Colloids and Surfaces B: Biolnterfaces 18 (2000) 235-248). 
It is also possible to deposit perfluoro-compounds (i.e. perfluorohexane, 
hexafluoropropylene oxide) to form hydrophobic/superhydrophobic surfaces (ref). 

25 Overall the plasma polymerisation is advantageous because the surfaces thus deposited 
have unique chemical and physical characteristics. 

The present application relates to the provision of a structure, comprising a substrate 
treated with a plasma polymerised coating to provide a surface to which cells adhere, 
30 proliferate and detach. 



4 



wo 03/035850 PCT/GB02/04829 



Examples, of substrates include, olefins which includes polyethylene [PE] (very low 
density, linear low density, chlorinated (<20%) and aliphatic polyoleiSns (other flian 
polyethylene)) eg polypropylene (PP) polybut-l-ene (atactic), polyisobutylene and diene 
rubbers (eg natural rubber, styrene butadiene rubber (incl. latex) butyl rubber, nitrile 
5 rubber, polybutadiene, polyisoprene ethylene-propylene rubber, and polychlorprene). 
PE and other aliphatic olefins may contain additives such as -antioxidants, antiozonates, 
sofiners, processing aids, blowing agents, pigments, and filers. 

Further examples include, ethylene co-polymers such as ethylene vinyl actetate and 
10 ethylene elliyl acrylate; vinyl chloride polymers such as polyvinyl chloride, polyvinyl 
acetate, polyvinyl alcohol which ca^i include stabilisers, plasticizers, lubricants, fillers 
and miscellaneous additives; acrylics such as acrylic rubbers and acrylic polymer 
blends; styrene based plastics such as styrene isoprene and styrrae thermoplastic 
elastomers; polyamides such as polyamide 12 and polyamide co-polymers; silicones 
15 polymers, an example of which is polydnnethyl silbxane, and silicone rubbers; 
polyurethanes; polyurethane rubbers; and polySulphides. 

According to an aspect of the invention thare is provided a cell transfer substrate 
comprising at least one surface wherein said surface is obtainable by plasma 
20 polymerisaton of a monomer preparation to provide a plasma coated surfiace: 

According to a fiirther aspect of the invention there is provided a cell transfer substrate 
comprising at least one surface which is functionalised and wherein said surface is 
obtainable by plasma polymerisaton of a monomer preparation to provide a plasma 
25 coated surface. 

In a preferred embodiment of the invention the surface contains either acid, alcohol or 
amine functionalities. 

30 In a preferred embodiment of the invention and said surface is at least 2% acid. 
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In a further preferred embodiment of the invention said surface is at least 5% acid. 

In a preferred method of the invention said cell culture surface comprises a plasma 
polymer comprising an acid content of at least 2%. . Preferably said acid content is 2- 
20% or 5-20%. Altematively, said acid content is greater than 20%. The percentages 
refer to the percent of carbon atoms in this type of environment. The acid content of 
the surface is determined by methods herein disclosed and are known in the art. For 
example, percent acid maybe measured by x-ray photoelectron spectroscopy (XPS). 



10 In an alternative prefoxed embodiment of the invention said surface has been treated by 
plasma polymerisation with a volatile acid. 

hi a preferred embodiment of the invention said surface has been treated by plasma 
polymerisation with a volatile alcohol. 

15 

In a further alternative preferred embodiment of the invention said surface has been 
treated by plasma polymerisation with a volatile amine. 

In a still furfhCT preferred embodiment of the invention said surface has been treated by 
20 plasma polymerisation with a mixture of volatile acid and volatile hydrocarboiL 

Polymerisable monomers that may be used in the practice of the invention preferably 
comprise unsaturated organic compounds such as, olefinic carboxylic acids and 
carboxylates, olefinic amines, olefic alcohols, olefinic nitrile compounds, oxygenated 

25 olefins, halogenated olefins and olefinic hydrocarbons. Such olefins include vinyUc and 
allyhc forms. The monomer need not be olefinic, however, to be polymerisable. Cyclic 
compounds such as cyclohexane, cyclopentane and cyclopropane are commonly 
polymerisable in gas plasmas by glow discharge methods. Derivatives of these cyclic 
compounds^ such as 1, 2- diaminocyclohexane for instance, are also commonly 

30 polymerisable in gas plasmas. Particularly preferred are polymerisable monomers 
containing hydroxyl, amino or carboxylic acid groups. Of these, particularly 
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advantageous results have been obtained through use of acrylic acid or allyl amine. 
Mixtures of pplymerisable monomers may be used. Additionally, polymerisable 
monomers may be blended with other gases not generally considered as polymerisable 
in themselves, examples being argon, nitrogen and hydrogen. The polymerisable 
5 monomers are preferably introduced into the vacuum chamber in the form of a v^our. 
Polymerisable monomers having vapour pressures less than 1.3 x lO'^mbar' (1.3 Pa) are 
not generally suitable for use in the practice of this inventioiL 

Polymerisable monomers having vapour pressures of at least 6.6 xlO'^mbar (6.6 Pa) at 
10 ambient room temperature are preferred. Where monomer grafting to plasma pressures 
of at least 1.3 mbar (130Pa) at ambient conditions are particularly preferred 
polymerisate deposits is employed, polymerisable monomers having v^our. 

To maintain desired pressure levels, especially since monomer is bdng consumed in the 
15 plasma polymerisations operation, contmuous inflow of monomer vapour to the plasma 
zone is normally practiced. When non polymerisable gases are blended with the 
monomer vapour, continuous removal of excess gases is accomplished by 
simultaneously pumping through the vacuum port to a vacuum source, indeed this is the 
case when employing polymerisable monomers. Since some non-polymerisable gases 
20 are often evolved from glow discharge gas plasmas, it is advantageous to control gas 
plasma pressure at least in part &rough simultaneous vacuum pumping during plasma 
polymerisate deposition on a substrate m the process of this inventioiL 

Monomers suited for this invention include, folly saturated and unsaturated carboxylic 
25 acid compounds up to 20 carbon atoms. More typically 2-8 carbons. Eihylenically 
unsaturated compounds (especially a,p unsaturated carboxylic acids) including acryUc 
acid, methacrylic acid. Saturated including ethanoic acid and propanoic acid. 
Altemtaively, compounds that can be plasma polymerised that readily hydrolyse to give 
carboxylic acid fimctionalities, e.g. organic anhydrides (e.g. maleic anhydride) acyl 
30 chlorides may be used. 
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In a further preferred method of the invention said polymer comprises an acrylic acid 
monomer with at least 2% or 5% acid content. Preferably said acid content is between 
2% and 20% or between 5% and 20%. Alternatively, the acid content can be greato 
than 20%. 



In a further preferred method of the invention said pjolymer comprises an acid co- 
polymer. The copolymer is prepared by the plasma polymOTsation of an organic 
carboxylic acid (or anhydride) with a saturated (alkane) or unsaturated (alkene, diene or 
alkyne) hydrocarbon. The hydrocarbon would be of up to 20 carbons (but more usually 
10 of 4- 8). Examples of alkanes are butane, pentane and hexane. Examples of alkenes are 
butene and pentene. An example of a diene is 1-7 octadiene-. The co-monomer may 
also be aromatic-containing e.g. styrene. 

Co-plasma polymerisation may be carried out using any ratio of acid : hydrocarbon, but 
15 will be typically using an acid: hydrocarbon ratio between the limits of 
100(acid):0(hydrocarbon) to 20 (acid):80 (hydrocarbon) and any ratio between these 
hmits. 

Plasma polymerised amines are also within the scope of the invention, for example, 
20 ftdly saturated primary, secondary or tertiary amines (e.g. butyl amine, propyl amine, 
heptylannne) or unsaturated e,g, allyl amine, which would be \xp to 20 carbons but more 
typically 4-8 carbons. Amines could be co-polymerised with hydrocarbons as above. 

Plasma polymerised alcohols are also within the scope of this invention. Alcohols could 
25 be co-polymerised with hydrocarbons. 

The glow discharge through the gas or blend of gases in the vacuum chamber may be 
initiated by means of an audiofrequency, a microwave frequency or a radiofrequency 
field transmitted to or through a zone in the vacuum chamber. Particularly preferred is 
30 the use of a radiofrequmcy (RF) discharge, transmitted through a spatial zone in the 
vacuum chamber by an electrode connected to an RF signal generator. A rather broad 
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range of RF signal frequencies starting as low as 50 kHz may be used in causing and 
maintaining a glow discharge through the monomer vapor. In commorcial scale usage 
of RF plasma polymerisation, an assigned radiofrequency of 13.56 MHz may be more 
preferable to use to avoid potential radio interference problems as with examples givai 

5 later. Typically, using the composite ratio of W/FM, as described by Yasuda (1985) the 
power loading should be < lO' J/kg to achieve functional groiq) retention in plasma 
polymers. (W= power (J/min); F= flow rate (mole/min); M = average molecular mass 
(kg/mol) [Although flow rate is given as seem, this is in fact not strictly correct 
Conversion from seem to mol/min can be readUy performed by dividing scccm by 22, 

10 400). 

The glow discharge need not be continuous, but may be intermittent in nature during 
plasma polymeiisate deposition. Or, a continuous glow discharge maybe employed, but 
exposure of a substrate surface to the gas plasma may be intermittent during the overall 

15 polymerisate deposition process. Or, both a continuous gjow discharge and a 
continuous exposure of a substrate surface to the resulting gas plasma for a desired 
overall deposition time may be employed. The plasma polymerisate that deposits onto 
the subst-ate generally will not have the same elemental composition as the incoming 
polymerisable monomer (or monomers). During the plasma polymerisation, some 

20 fragmentation and loss of specific elemmts or elanental groups naturally occurs. Thus, 
in the plasma polymerisation of acrylic add, caiboxyl content of the plasma^ 
polymerisate is typically lower than would correspond to pure polyacrjdic acid. 
Similarly, in the plasma polymerisation of allylamine,' nitrogen content of the plasma 
polymerisate is typically lower than would correspond to pure polyallylamine. . 

25 Exposure time to either of these unreacted monomers in the absence of a gas plasma, as 
tiirough intermittent exposure to a glow discharge, allows for grafting of the monomer 
to the plasma polymerisate, tixereby increasing somewhat the level of the ftmctional 
group (carboxylic acid or amine) in the final deposit Time intervals between plasma 
exposure and grafting exposure can be varied from a fi^iction of a second to several 

30 minutes. 
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In still a further preferred embodiment of the invention said cell transfer substrate is 
provided by coating a substrate with a plasma copolymer of an acidic monomer. For 
example and not by limitation, acrylic acid and a hydrocarbon, for example 1,7 
octadiene. Ideally said aciyUc acid provides 50-100% and 1,7 octadiene 50-0% in the 
5 gas feed. 

hi a preferred embodiment of the invention said substrate comprises a polymer selected 
from the group consisting of: the olejBns, which includes polyethylene (very low 
density, Unear low density, chlorinated (<20%) and aliphatic polyolefins (other than 
10 polyethylene) eg polypropylene (PP) polybut-l-ene (atactic) and polyisobutylene). 

In a further preferred embodiment of the invention said substrate comprises a polymer 
selected from the group consisting of: diene rubbers (eg natural rubber, styrene 
butadiene rubber (incl. latex) butyl rubber, nitrile rubba:, polybutaidiene, polyisoprene 
15 etiiylene-propylene rubber, polychlorprene. 

In a further preferred embodiment of the invention said substrate comprises a polymer 
selected from the group consisting of: ethylaie co-polymers such as ethylene vinyl 
actetate and ethylene ethyl aaylate. 



20 



In a further preferred embodiment of the invention said substrate comprises a polymer 
selected from the group consisting of: vinyls such as vinyl chloride polymers e.g. 
polyvinyl chloride, polyvinyl acetate, polyvinyl alcohol. 

25 la a further preferred embodiment of the invention said substrate comprises a polymer 
selected from the group consisting of: acrylics such as acrylic rubbers and acrylic 
polymo: blends. 

In a fiirfher preferred embodiment of the invention said substrate comprises a polymer 
30 selected from tiie group consisting of: styrene based plastics such as styrene isoprene 
and styrene thermoplastic elastomers. 
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In a fbrfher preferred embodiment of the invention said substrate comprises a polymer 
selected from tiie groaqj consisting of: polyamides such as polyamide 12 and polyamide 
co-polymers. 

5 

Jn a further preferred embodiment of the invention said substrate comprises a polymer 
selected from the group consisting of: silicones polymers an example of which is 
polydimethyl siloxane and silicone rubbers; polyurethanes; polyurettiane rubbers; and 
polysulphides. 

10 

A preferred example of a substrate is one comprising a vinyl polymer. A vinyl polymer 
is a polymer based \spon repeat units having the formula (CH2CHX), e.g. 
polyvinylchloride (CH2CHa)n 

1 5 Surprisingly, vinyl polymers) for example polyvmyl chloride (PVC), treated by plasma 
polymerisation to provide acid surfaces, SCTve as excellent substrates for the attachment 
and growth of keratinocytes. Keratinocytes represent a particular challaige for these 
studies because they will undergo irreversible terminal differentiation on many 
substrates. The irreversible differentiation of these cells results in loss of the capacity 

20 to migrate or form colonies, properties which are required in considering transfer of 
keratinocytes from s\q)porting surfaces to wound beds to achieve re-epithelialization. 
Moreover, in clinical studies, wounds which are treated with vinyl polymers (coated by 
plasma polymerisation) deUvering human keratinocytes perform as well as collagen, 
hitherto a preferred substrate for delivering cells for wound heaKng. 

25 

hi a preferred embodiment of the invention said acid surface is 2-20% or 5-20%. 
Preferably said acid sur&ce is greater than 20%. 

hi a preferred embodmient of the invention said surface has been treated by plasma 
30 polymerisation witii a volatQe acid. For exaniple a carboxylic acid (especially a,p - 
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unsaturated carboxylic acid, for example acrylic, or methacrylic acid) or alternatively, 
propanoic acid, or maleic anhydride). Ideally said acid is provided by acrylic acid 

More preferably still said plasma polymer is a co-polymer. Ideally said co-polym^ 
5 comprises at least one organic acid monomer with at least one hydrocarbon. Ideally said 
hydrocarbon is an alkene, eg a diene such as, for example, octa-l,7-diene. However, a 
saturated alkane, e.g. hexane may be used. 

In still a further preferred embodiment of the invention, said surface is provided by 
' 10 plasma coating said vinyl polymer with a co-polymer of an ethylenically unsaturated 
acidic monomer. For example and not by way of limitation, acrylic acid and an 
(ethylenically) unsaturated hydrocarbon, for example, 1,7-octadiene. Ideally the plasma 
polymerisation is performed using a gas feed comprising 50-100% acrylic acid and 0- 
50% 1,7-octadiene (by volume in the gas flow). 

15 

hi a further preferred embodiment of the invention said substrate comprises a polymer 
selected from the group consisting of polyvinyl chloride, polypropylene, silicone and 
polyhydroxybutyrate. Examples include, PVC (PL 1240, Baxter), PVC (PL 146, 
Baxter), PVC (410 CU, Pall Medical), PVC (5550 Seta, Sohned), PVC (3226 Seta, 
20 Sohned), Polypropylene (7210, Solmed), Polyhydroxybutyrate (Goodfellow) and 
Silicone-poly dimethylsiloxane (Baxter). 

In a further preferred embodiment of the invention said substrate comprises polyvinyl 
chloride. 

25 

According to a further aspect of the invention there is provided a substrate comprising a 
plasma coated polymer according to the invention and at least one mammalian cell. 
Preferably said substrate comprises a vinyl polymer. 

30 In a preferred embodimrat of the invention said mammalian cell is humaiL 
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In a further preferred embodiment of the invention said mammalian cell is selected from 
the group consisting of: epidermal keratinocytes; dermal fibroblasts; adidt skin stem 
cells; embryonic stem cells; melanocytes, corneal fibroblasts, corneal epithelial cells, 
corneal stem cells; intestinal mucosa fibroblasts, intestinal mucosa keratmocytes,oral 
5 mucosa fibroblasts,oral mucosa keratinocytes, urethral fibroblasts and epithelial cells, 
bladder fibroblasts and epithelial cells, neuronal glial cells and neural cells, hepatocyte 
stellate cells and epithelial cells. 

Preferably said cell is a skin cell. More preferably still said cell is a skin cell selected 
10 from the following group: keratinocyte; fibroblast; adult skin stem cell; embryonic stem- 
cell; or melanocytes. 

According to a yet further aspect of the invention there is provided a method to culture 
mammalian cells on a substrate comprising the stq)s of: 
15 i) providing a preparation comprising; 

a) mammalian cells; 

b) a substrate according to the invention; 

c) cell culture medium sufiBcient.to support the growth of said mammaliai^ 
and 

20 ii) providing cell culture conditions which promote the proliferation of said 
manmialian cells on said substrate. 

In a preferred mefliod of the invention said substrate has attached thereto, fibroblast 
feeder cells. 

25 

In a further preferred method of the invention cells wherein said medium does not 
include serum. 

In a preferred method of the invention said manomalian cells are human. 

30 
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10 



In a further preferred method of the invention said manMnalian cells are selected from 
the group consisting of: epidermal keratinocytes; dermal fibroblasts; adult skin stem 
cells; embryonic stem cells; melanocytes, corneal fibroblasts, corneal epithelial cells, 
corneal stem cells; intestinal mucosa fibroblasts, intestinal mucosa keratinocytes^oral 
mucosa fibroblasts,oral mucosa keratinocytes, urethral fibroblasts and epithelial cells, 
bladder fibroblasts and epithelial cells, neuronal glial cells and neural cells, hepatocyte 
stellate cells and epithelial cells. 

Preferabaly said mammalian cells are autologous, preferably autologous keratmocytes. 
In a fiirther preferred method of the iuvention said fibroblast feeder cells are human. 



In a further preferred method of the invention said fibroblast feeder cells are human 
dermal fibroblasts or human oral fibroblasts. Preferably said feeder cells are 
15 autologous. 

The direct culturing of mammalian cells on a substrate according to the invention under 
conditions herein disclosed has obvious benefits in tissue engineering since the 
fabrication of said substrate allows the culturing, implantation and transfer of cells to a 
20 wound to be repaired. The absence of serum and the use of autologous cells also 
minimizes the transfer of xenobiotic agents (e.g. viral agents, prions) firom serum and/or 
feeder cells used in the culture of mammalian cells. 

According to a furth^ aspect of tiie invention there is provided a method to treat a 
25 mammal, preferably a human, suffering fi:om a wound comprising contacting the wound 
with a mammalian cell-bearing substrate of the invention. 

hi a preferred method of the invention said wound is a cutaneous wound and said cell is 
a skin cell (e.g. keratinocyte; skin stem cell). 

30 
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According to a further aspect of the invention there is provided a meliiod to coat a 
substrate according to the invention comprising the steps of: 

i) providing at least one organic monomer; 

ii) creating a plasma of said organic monomer; and 
5 iii) coating said substrate with said plasma. 

According to a further aspect of the invention there is provided a meliiod of preparing a 

substrate according to the invaition comprising: 

i) mixing a selected ratio of an ethylenically-unsaturated caiboxylic add monomer 
10 and an unsaturated hydrocarbon to form a gas feed; 

ii) creating a plasma of said mixture; and 

iii) coating a substrate with said plasma to provide a surface polymer/copolymer 
containing acid fimctionality. 

i) coating said sur&ce with said plasna. 



In a preferred method of the invention said monomer is an acid monomer source 
comprising 30-99% acid monomer. Preferably said acid monomer source consists of a 
100% acid monomer source. Preferably said method consists of a 100% acrylic acid 
sotirce. 



According to a further aspect of the invention there is provided a method to treat the 
substrate comprising the steps of: 

i) providing a selected ratio of a monomer and a hydrocarbon in a gas feed; 

ii) creating a plasma of said mixture; 

25 iii) bringing into contact the substrate with said plasma mixture to provide a surfece 
comprising a co-polymer. 

In a preferred method of the invention said monomer is an acid monomer and said co- 
polymer is an acid co-polymer. 

30 
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la a preferred method of the invention said plasma is created by means of electrical 
power input (radio frequency 13.56MHz), coupled by means of a copper coil or bands. 
The reactor volume would be typically in the range 2- 10 L (but may be larger or 
smaller) and tiie reactor is pumped by means of a double stage rotary pump to a base 
5 pressure approaching 10"^ mbar. In the case of replacing the rotary pump with a 
turbomolecular pump better base pressures can be achieved. The monomer pressure is 
in the range 10'^ mbar to 10"^ mbar and the monomer flow rate is 1-20 cm V min (seem). 
The power would be typically 0.1 -SOW contmuous wave. Those skilled in the art may 
adjust these parameters to produce like plasmas by pulsing on the micro or milU second 
10 time scales. 

In a preferred method of the invention said acid is acrylic acid and said hydrocarbon is a 
.diene and especially a di-unsaturated alkene, for example 1,7-octadieae. 

15 In a further preferred method of the invention said plasma comprises 50-100% 
unsaturated acid, for example, acrylic acid and.. 0-50% hexane or diene, (for example, 
1,7-octadiene) in the gas feed. 

In yet a further preferred embodiment of the invention said plasma comprises the 
20 following ratios of acid (eg acrylic acid) and hexane or diene(egl,7-octadiene); 

Acid alkene 

(eg Acrylic acid) % (eg 1,7-octadiene %) 

50 50 

60 40 
25 70 30 

80 20 

90 10 

100 0 

in the gas feed. 

30 

In a preferred method of the invention said substrate comprises a vinyl polymer. 
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It will be ^parent to one skilled in the art that the creation of a plasma can use either 
. low or hi^ power and either a continuous wave or pulsed plasma. 

5 Preferably said plasma power is created using a plasma power of 0 -SOW and a flow 
rate of 0 - 20 seem, usually under continuous wave conditions. However, in the 
• instance of where a pulsed wave is used corresponding corrections are made to the 
plasma power and flow rate as is known by those skilled in the art. 

10 hi a preferred method of the invention said acid is acrylic acid and said hydrocarbon is a 
diene and especially a di-unsaturated alkene, for example 1,7-octadiene. 

In a further preferred method of the invention said plasma comprises 50-100% 
unsaturated acid, for example, acrylic acid and 0-50% hexane or diene, (for example, 
1 5 1,7-octadiene) in the gas feelt 

hi yet a further preferred embodiment of the invention said plasma comprises fte 
following ratios of acid (eg acryUc acid) and hexane or diene(egl,7-octadiene); 
Acid alkene 
20 (eg AcryUc acid) % (eg 1,7-octadienfi %) 

50 50 
60 40 
70 30 
80 20 
25 90 10 

100 0 

in the gas feed. 

An embodiment of the invention wiU now described, by example only and with 
30 refiarence to the tables and figures v^erein 
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Table 1 illustrates medical grade carrier polymers; 

Table 2 summarises the results of X-ray photoelectron spectroscopy of plasma 
polymerised surfaces. A P-shifted carbon bonded to carboxylate ((C-COOH/R) at +0.7 
5 eV from the hydrocarbon) of equal magnitude to the carboxylate has been added to the 
peak fit; 

Table 3 illustrates a comparison of C Is core line peak fit for as-treated and ethylene 
oxide steriUzed PPs comprising 100% acrylic acid deposited on PVC (Sohned Vinylfoil 
10 5550 Seta Glad); 

Table 4 illustrates a comparison of cell attachment and transfer from various carrier 
films polymerised with 100% acrylic acid. Assessment of attachment is related to 
attachment of keratinocytes to collagen 1 coated PVC used as a positive control 

15 throughout for these experiments. Thus, +++.= good attachment equivalent to that of 
cells on coUagra 1; 4+ = reasonable attachment; + = poor attachment; 0 = no evid^ce 
of attachment. AH results are based on polymeis post ethylene oxide sterilisation 
(which was not found to significantly affect performance of the polymer for cell 
attachment). These results are based on two experiments witii keratinocytes from 

20 different donors and in each experiment polymers were studied in duplicate; 

Figure 1 illustrates C Is peak fit for 100% Acrylic Acid PP on PVC carrier fihn (Sohned 
Vmylfoil, 5550 Seta); 

25 Figure 2 illustrates MTT-ESTA assay showing keratinocyte attachment to surfaces after 



24 hours; 



Figure 3 illustrates MTT-ESTA assay showing keratinocytes remaining on surfaces after 
separation from DED; 



30 



18 



wo 03/035850 PCT/GB02/04829 



10 



15 



Figure 4 illustrates MTT-ESTA assay showing the keratinocyte transfer from surfaces to 
DED after 4 days; 

Figure 5a-5c illustrates the appearance of the DED post-staining for metabolically active 
cells where it can be seen that cells initially cultured on collagen I (Fig. 5a) showed the 
greatest transfer to the DED, cells cultured on a hydrocarbon PP surface showed httle 
transfer (Fig. 5b) and cells cultured on the acid surfaces (Fig. 5c) showed a good level of 
transfer - in some cases, approximating 80% of that seen for cells coated on collagen L 
This e^qperiment was repeated in triplicate with similar results; 

Figure 6a-6c illustrates the appearance of the epidermal layer formed after 4 days post- 
transfer of cells from (a) Collagen I, (b) 100% acryUc acid PP and (c) 50% acryUc acid 
PP surfaces. H&E staining showed that keratinocytes transferred from a Collagen I 
surface were closely attached.to flie basement membrane pf the DED (Fig- 6a); 

Figure 7a-i illustrates case studies of three patients undergoing tissue repair of toe ulcers 
which resulted from diabetes and caused by neuropathy; and 

Figure 8 summarises a comparison of TranCeU*^ with other transfer substrates 
20 characterised by how effectiyely keratinocytes invade wound bed substrates. 

MATERIALS and METHODS 

Plasma Polymerisation and Co-Polvmerization 

25 AcryUc acid and 1,7-octadiene were obtained from Aldrich Chemical Co. (UK). All 
monomers were used as received, after several freeze-pump/thaw cycles. 

The monomer was aliquoted into 5ml batches and stored in a refrigerator until required 
for use. For each polymerisation one 5ml aliquot was used and then discarded. Prior to 
30 polymerisation the monomer was degassed using several fre€a»-pump/thaw cycles. 

19 
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Polymerisations were carried out in cylindrical reactor vessels (of 8cm diameter and 50 
cm length), evacuated by a two stage rotary pump. Stainless steel flanges were sealed to 
the glass vessel using viton *o* rings. Plasma was sustained by a radio-frequency (13.56 
MHz) signal generator and amplifier inductively coupled to the reactor vessel by means 
5 of an external copper coil. The base pressure in the reactor prior to polymerisation was 
always < 1 x 10"^ mbar. 

Acrylic acid was polymerised using continuous wave plasma pow^ in the range of l- 
10W and a total flow rates in the range l-20sccm. Plasma polymers wore deposited 
10 onto the polymer films, and clean silica glass cover slips or Al foil for XPS analysis. 
The pressure with the monomer flowing was typically 4.0 x 10"^ mbar. 

Co-polymerisation using acrylic acid and 1,7-octadiene was carried out using the same 
range of power, flow rate and pressure conditions. 

15 \ • . 

For all polymerisations and co-polymerisations a deposition time of typically 15 minutes 
was used. The monomers were allowed to flow for typically a further 20 minutes after 
the plasma was extinguished in order to minimise the up-take of atmospheric oxygen by 
the deposits on exposure to the laboratory atmosphere. 

20 

In order that the reactor vessels (and steel sample tray) were in a clean condition for 
each polymerisation, an etch with an oxygen plasma was carried out after each 
deposition. The oxygen gas was allowed to flow through the reactor at a pressure of 1.0 
X 10"^ mbar. The plasma power was 50W and the etch tune was one hour. XPS of a 
25 silica glass cover slip that had previously been polymerised with acrylic acid was 
• examined by XPS to confirm that all the acid had been etched away. 

Plasma Polymerisation of Amine and Alcohol Monomers 

30 Following the procedure described above for acrylic acid, the same reactor design and 
plasma Conditions (namely powOT, pressures and flow rates), plasma polymers 
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contaming amine or alcohol fimctionaUty were prepared from allyl amine and allyl 
alcohol monomers, respectively (Aldrich Chemical Co, UK). Plasma polymers were 
deposited onto the polymer fihns and clean siUca glass covershps or Al foil for XPS. 

5 Copolymerisations using allyl amine or allyl alcohol and 1.7-octadiene were carried out 
in the same manner. 

Y-rav Photoelectron Spectroscopy 

XP spectra were obtained on a VG CLAM 2 photoelectron spectrometer employing Mg 
10 Ka X-rays. Survey scan spectra (0-1 100 eV) and narrow spectra were acquired for each 
sample using analyser pass energies of 50 and 20 eV respectively. Spectra were 
acquired using Spectra 6.0 software (R. Unwin Software, Cheshire, UK). Subsequent 
processing was carried out with Scienta data processing software (Scienta Instruments, 
Uppsala, Sweden). The spectrometer was caHbrated using the Au 4f 7/2 peak position 
15 at 84.00 eV, and the separation between the C Is and F Is peak positions in a sample of 
PTFB measured at 397.2 eV, which compares Well with the value of 397.19 eV reported 
by Beamson and Biiggs^. 

Cell Culture and Transfer Experiment 

20 Normal human adult keratinocytes (obtained from breast reductions and 
abdominoplasties) were isolated from the dermal/epidermal junction as previously 
described*. Cells were cultured in complete Green's media (Hams FIO) which included 
cholera toxin (0.1 nM), hydrocortisone (0.4 \ig/wl), adenine (1.8 x lO"* M). triiodo-1- 
thyronine (2 x lO'' M), insulin (5 mg/ml), transferring (5 jig/ml). glutamine (2 x 10"' 

25 M). fungizone (0.625 ng/ml). penidllin (1000 lU/ml), streptomycin (1000 ^g/ml) and 
10% fetal calf serum. Cells were cultured at 37''C, in a 5% CO2 atmosphere. 

Freshly isolated cells were used for cell culture experiments. Collagen coated carrier 
polymer samples were prepared by air drying a solution of collagen I (32 ^igAcm^) in a 
30 0.1 M acetic acid (200 ^©M) in a laminar flow cabinet ovemi^t. 
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Cells were seeded at densities of 12.0 x 10^ cells/ml onto triplicate of the surfaces using 
a 10 mm internal diameter stainless steel ring to keep the samples flat within a 6 well 
(3.5 cm diameter) tissue culture .plate. After 24 hours in culture, the keratinocyte 
attachment on one sample from each triplicate was detemiined using an MTT-ESTA 
5 assay. This gives an estimate of viable cell number, the assay having previously been 
shown to parallel increases in ceU number for human keratmocytes^. Cells were 
mcubated with 0.5 mg ml"^ of MTT m PBS for 40 minutes. The stain was then eluted 
with acidified isopropyl alcohol. The optical density at 540 nm with a protein referCTice 
wavelength of 630 nm was then determined. 

10 

DED was prepared from a split thickness skin graft (STSG) from abdominoplasties and 
breast reductions. The method is described in detail elsewhere^, but briefly, STiSG were 
glycerol pretreated prior to ethylene oxide sterilization, using a standard Sterivit™ 
process using a mixture of 15% ethylene oxide and 85% carbon dioxide at a pressure of 

15 5.5 atmospheres at 55°C to ensure a concentration of 1200mg ethylene oxide per litre in 
a sterilization cycle of 30 mmutes. Strahzed skin was hydrated in a large volume of 
sterile phosphate buffered saline (PBS) for 24 hours at 37*'C. Skm was flien immersed in 
IM NaCl solution for 6-8 hours at ZTC and the epidermis removed using stodle 
forceps. Skin was then rehydrated in an excess of keratinocyte culture medium (KCM) 

20 for 48 hours at 37°C prior to use. 

The remaining two samples from each triplicate were placed in contact with DED and 
Green's media added so that the surfape/DED junction sat at the air/liquid interfiace. 
The DED/surface wound bed models were placed in an incubator at ZTC for 4 days, 

25 after which the surfaces were separated from the DED and the level of cell transfer from 
surface to DED assessed using the MTT assay, as described above. MTT of the DED 
required that the DED was incubated with MTT for 120 minutes before elution of the 
stain. After 4 days, a small sample of tiie DED was sent for hematoxylin-eosin (H&E) 
staining and histological evaluation. These samples were assessed for overall 

30 morphology, keratinocyte attachment to the dermis and extmt of cell coverage. 
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The procedure detailed above was repeated for selected PPs deposited onto the aght 
medical grade pohners described in Table 1. All of these materials were ethylene oxide 
sterilized as outlined above, prior to the cell attachment and transfer experiments. 

5 Co- Culture of keratinocvtes plus fibrobl aste in the presence and absence of serum 

In addition to cuturing keratinocytes on then own on the PP surface we also developed 
co-culture of keratinocytes with human dermal fibroblasts under both serum containing 
and sOTmi-fi:ee conditions. 

10 

Fibroblasts were obtained fi-om the dermal layer of the skin after trypsinisation of a 
split-thickness skin graft, which was taken from specimens following routine surgery 
procedures (breast reduction and abdominoplasty), following washing in PBS and then 
minced finely with a scalpel and placed in 0.5% collagenase. FoUowing centrifugation 
15 of the collagenase digest and' elimination of the supemattot, the cells were resuspended 
in lOmls of fibroblast culture medium (FCM) in a T25 Flask. The flask is maintained at 
37°C in a 5% CO2 atmosphere. 

Every 500ml of FCM consists of 438.75mls of Dulbecco's Modified Eagle's medium 
20 (DMBM), 50 mis of Foetal Calf Seruin (FCS), 5 mis of 1-Glutaimine, 5 mis of 
PeniciUin/Steptomydn (10,000 U/ml and lO.OOOugtol respectively). 1.25mls of 
Fungizone. FCM without FCS contains an additional 50mls DMEM to compensate. 
Fibroblast cells were passaged when 90-100%; confluent and used between passage 
numbers 5 and 9. Passaging of the fibroblasts was achieved using 1.5ml of a 1:1 mixture 
25 of 0.1% trypsin and 0.02% EDTA per T25 flask. 

For investigation of human dermal fibroblast attachment and viabiUty, fibroblasts were 
seeded at a density of 7.0 x 10^ cells ml"^ . Human epidermal keratinocytes were seeded 
at a density of 3.8x10^ cells/ml. Co-culture experiments used a keratinocyte seeding 
30 density of 1.5x10* cells/ml with irradiated dermal fibroblasts at 2 xlO* cells/ml, 
irradiated for 4780 seconds using a Caesium 137 sealed source. The attachment and 
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viability of the fibroblasts at three and seven days were assessed using an MTT-ESTA 
assay. This assay indicates viable cells and provides an indirect reflection of cell 
number, in that the cellular de-hydrogenase activity, which converts the MTT substrate 
to a coloured formazan product, normally relates to cell number. Cells were washed 
5 with 1ml of PBS solution and then incubated with 0.5 mg ml*^ of MTT in PBS for 40 
minutes. 300^1 of acidified Isopropanol was then used to elute the stain. 150[il was then 
transferred to a 96 well plate. The optical density was read using a plate reader set at a 
wavelength of 540nm with a protein reference of 630irai subtracted. In addition, the 
appearance of the cells was assessed and recorded at three and six or seven days. 



The DNA content of the cells (which reflects cell number but not necessarily viability) 
was calculated at the same time periods using a Hoechst fluorescent stain (33258 Sigma 
Chemicals). Cells were incubated in 1ml of digestion buffer for 1 hour. This buffer 
consisted of 48g urea, which breaks up the cells and 0.04g of Sodium Dodecyl Sulfate 

15 (SDS), which protects the cells firom DNAase, per 100ml of saline sodium citrate (SSQ. 
Following digestion, cells were stained using the Hoechst fluorescent stain, in an SSC 
buflfer at l^g/ml. A fluorimeter was used to measure the fluorescence using excitation 
and emission wavelengths of 355 and 460nm respectively. A standard cxuve of known 
DNA concOTtrations was used to calculate the DNA content. For all experimental data 

20 presented, cells cultured on their own or in co-culture for six or seven days had a fresh 
change of media at day three. 

In addition to culturing keratinocytes with fibroblasts under Greenes standard media 
conditions (containing serum) we also cultured both cells on the PP surface in the 
25 absence of serum .Under these conditions fibroblast successfioUy supported keratinocyte 
proliferation to as great an extent as they did in the absence of serum. 

EXAMPLES 1-3 

30 In these examples, plasma polymerisations were carried out in a cylindrical reactor 
vessel (of 8 cm diameter and 50 cm in length), evacuated by a two stage rotary pump. 
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Plasma was sustained by a radio freqiiency (13.56 MHz) signal generator and amplifier 
inductively coupled to the reactor vessel. The base pressure in the reactor was 3 x 10*' 
mbar. 

Acrylic acid and 1,7-octadiene were co-polymerised at a plasma power of 2 W and a 
total flow rate of 2.0 seem. Plasma co-polymers (PCP) were deposited onto a canier 
polymer, polyhydroxybutyrate (Goodfellow, Cambridge, UK) and clean aluminium foil 
(for XPS analysis). The pressure during co-polymerization was typically 4.0 x 10' 
mbar. 

For further experiments, selected polymerization conditions (100% acrylic acid, plasma 
power 1 W, polymerization pressure = 4.0 x 10"^ mbar) were used to deposit plasma 
polymers (PPs) onto a variety of carrier polymers, all of which were supplied as medical 
grade materials. 

; 

The polymer films used in Examples 1-3 are detailed in Table 1. 



For all co-polymCTisations, a deposition time of 20 minutes was used. The monomer 
mixtures were allowed to flow for a further 20 minutes after the plasma was switched 
20 ofil This was done in an atterrq)t to minimize the tq)take of atmospheric oxygen by the 
deposits on exposure to the laboratory atmiosphere. 

hi Examples 1-3, normal human adult keratinocytes (obtained from breast reductions 
and abdominoplasties), isolated from the dermal/epidermal junction (as previously 

25 described)", wcto used. These cells were cultured in. complete Green's media OHams 
FIO) which included cholera toxin (0.1 nM), hydrocortisone (0.4 |Ag/ml), adenine (1.8 x 
lO"* M), triiodo-l-thyronine (2 x 10"' M), msulin (5 mgM), transferring (5 jig/ml), 
glutamine (2 x 10"' M), fungizone (0.625 ngM), penicillin (1000 lU/ml), streptomycin 
(1000 and 10% fetal calf serum. Cells were cultured at 37'C, in a 5% CO2 

30 atmoq)here. 
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Freshly isolated cells were used for cell culture experiments. Collagen coated carrier 
polymer samples were prepared by air drying a solution of collagen I (32 jxg/cm^) in a 
0.1 M acetic acid (200 jig/ml) in a lanriiTiar flow cabinet ovOTiight 

5 Cells were seeded at densities of 12.0 x 10^ cells/ml onto triplicate of the surfaces using 
a 10 mm internal diameter stainless steel ring to keep the samples flat wifein a 6 well 
(3.5 cm diameter) tissue culture plate. After 24 hours in culture, the keratinocyte 
attachment on one sample from each triplicate was determined using an MTT-ESTA 
assay. This gives an estimate of viable cell number, the assay having previously been 
10 shown to parallel increases in cell number for human keratinocytes^. Cells were 
incubated with 0.5 mg ml"^ of MTT in PBS for 40 minutes, the stain was then eluted 
with acidified isopropyl alcohol. The optical density at 540 rmi with a protein reference 
wavelength of 630 nm was then determined. 

15 DED was prepared from a split thickness skin graft (STSG) from abdominoplasties and 
breast reductions. The method is described in detail elsewhere^, but briefly, STSG were 
glycerol pretreated prior to ethylene oxide sterilization, using a standard Stmvit™ 
process using a mixture of 15% efliylene oxide and 85% carbon dioxide at a pressure of 
5.5 atmospheres at 55°C to ensure a concentration of 1200mg etiiylene oxide per litre in 

20 a sterilization cycle of 30 minutes. Sterilized skin was hydrated m a large volume of 
sterile phosphate buffered saline (PBS) for 24 hours at 3TC. Skin was then immersed in 
IM NaCl solution for 6-8 hours at 37*'C and the epidermis removed using sterile 
forceps. Skin was then rehydrated in an excess of keratinocyte culture medium (KCM) 
for 48 hours at 37°C prior to use. 

25 

The remaining two samples from each triplicate were placed in contact with DED and 
Green's media added so that the surface^ED junction sat at the air/liquid interface. 
The DED/surface wound bed models were placed in an incubator at 3T^C for 4 days, 
after which the surfaces were separated from the DED and the level of cell transfer from 
30 surface to DED assessed using the MTT assay, as described above. MTT of tiie DED 
required that the DED was incubated with MTT for 120 minutes before elution of the 
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Stain. After 4 days, a small sample of the DED was sent for hematoxylin-eosin (H&E) 
staining and histological evaluation. These samples were assessed for overall 
morphology, keratinocyte attachment to flie dermis and extent of cell coverage, 

5 The procedure detailed above was repeated for selected PPs deposited onto the eight 
medical grade polymers described in Table 1. All of these materials were ethylene oxide 
sterilized as outlined above, prior to the cell attachment and transfer experiments. 



10 



EXAMPLE 1 



XP survey scan spectra of plasma copolymers (PCPs) prepared from acrylic acid and 
1,7-octadiene revealed only carbon and oxygen in the deposits. The 0/C ratios are 
shown in Table 2. The 0/C ratio increased as the mole fraction of acryUc acid in the 
monomer feed increased. The C Is core level spectmm of the PCP was peak fitted for 
15 various oxygen-containing functionalities. First, spectra ware conected for sample 
charging, setting the hydrocarbon signal to 285 eV. The following fonctionaUties were 
then fitted: alcohol/ether (Q-OH/R) at a shift of +1.5 eV; carbonyl (^) at +3.0 eV; 
carboxyUc acid/ester (COOH/R) at +4.0 eV; and a p-shifted carbon bonded to 
caiboxylate (C-COOH/R) at +0.7 eV. The results of peak fitting are shown in Table 2 
20 and an example peak fit (Faa/Ftot = 1) is shown in Figure 1. In the peak fit the FWHM of 
component peaks were kept equal and were in the range of 1.4 - 1.6 eV. The Gaussian 
to Lorentzian ratio (G/L) df the component peaks were also kept constant and were in 
the range 0.8 - 0.9. While XPS cannot distinguish between caiboxyUc acid and ester 
groups, grazing angle infra-red spectroscopy of plasma polymerised acryUc acid has 
25 shown, that at the low powers employed in this study, the caiboxylate peak in the XP 
spectra can be assigned to caiboxylic acid rather than ester'. Other caibon-oxygea 
functionalities present in the PCPs (besides caiboxyUc acid) including carbonyl and 
alcohol/ester. These arise as a result of fragmentation of the monomer in the plasma. 
Reaction between the deposit and water desorbed from the walls of the plasma vessel 
30 (during polymerisation) and atmospheric oxygen and water (after polymerisation) also 
contribute. The C-OHZR is thought to be predominantly hydroxyl. In a previous study 
"we examined the identity of the oxygen-containing fimctionalities in PCPs of acrylic 
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acid/1 J-octadiene (prepared with varying molar- fractions of acrylic acid in the 



surface, keratinocytes respond to the carboxylic acid functionality, and not C-OH. The 
latter has to be present in high concentrations (25%) to promote cell attachment . 



XPS on post-ethylene oxide sterilized samples revealed less tiian 20% change in the 
atomic % of acid at the PP surface compared with pre-ethylene oxide sterilised samples. 
. A comparison of a C Is core line peak fit for an as-prepared and ethylene oxide 
sterilized sample comprising 100% acrylic acid is shown in Table 3. 

10 EXAMPLE2 

After isolation of the keratinocytes, tiiey were seeded onto the various surfaces and, after 
24 hours, the surfaces were examined for viable cells using an MTT-ESTA assay. The 
results are shoAvn in Figure 2. The data show that acid containing surfaces incorporating 
15 50% and 100% acrylic acid in the monomer flow performed as well as collagen I, whilst 
keratinocyte attachment on the hydrocarbon surface was poor. 

Cells attached to 100% acrylic acid PPs on a number of carrier polymers after ethylene 
oxide sterilization to flie same degree as collagen I coated polymers (Table 4). Collagen 
20 I is a preferred substratum for flie attachment of keratinocytes. The carrier polymers 
alone (i.e. no PP coating deposited) did not support cell attachment 

EXAMPLES 

When the PP coated carrier polymer stirfaces were separated from the DED the collagen 
25 I and 100% acid surfaces were well adhered to the DED, indicating that substantial 
transfer of keratinocytes from the surface to the DED had occurred. Surfaces with lower 
amounts of acid in the monomer flow were less well adhered, whilst the hydrocarbon 
surface readily peeled apart from the DED, suggesting a lesser degree of cell transfer 
had taken place. 



monomer feed) in more detail^'. Based on this study, we believe that on the POP 
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- The extent of cell transfer was assessed by staming of residual cells on the carrier 
polymer surfaces and by staining of keratinocytes transferred to the DED using the 
MTT-ESTA assay for botiL 

5 Figure 3 shows the results of an MTT assay on the surfiaces after transfer of cells to the 
DED. The optical density values seen were extremely low (<0.02) compared to the 
initial attachment data (Figure 2). 

Conversely, Figure 4 shows the results of the MTT assay on the DED where much 
10 higher MTT values were seen. Cells initially cultured on collagen I showed the highest 
presence on the DED. However, all cells cultured on acid surfeces showed some 
transfer to the DED indicative of proliferative keratinocytes. Transfer was most 
efifective fiom the 100% acid surface (i.e. 100% acryUc add in the plasma gas). Cells 
initially cultured on the hydrocarbon coated surfece resulted in very little transfer of 
15 metabolically active cells. 

Photogr^hs in Figure 5 illustrate the appearance of the DED post-staining for 
metabolically active cells where it can be seen.that cells initially cultured on collagen I 
(Fig. 5a) showed the greatest transfer to the DED, cells cultured on a hydrocarbon PP 
20 surface showed little transfer (Fig. 5b) and cells cultured on the add surfaces (Fig. 5c) 
showed a good level of transfar - in some cases, ^roximating 80% of that seen fiar 
cells coated on collagen L This experiment was repeated in triplicate with similar 
results. 

25 A range of carrier polymers (Table 1) were plasma coated, with acrylic acid (100% 
acrylic acid in tide plasma gas). Keratinocytes transfored successfully to DED from all 
these surfeces. The extent of cell transfer was not affected by the ethylene oxide 
sterilization (Table 4). 

30 Figure 6 shows the appearance of the epidermal layer formed after 4 days post-transfer 
of cells from (a) Collagen I, (b) 100% acrylic acid PP and (c) 50% acrylic add PP 
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suifaces. H&E staining showed that keratinocytes transferred from a Collagen I surfece 
were closely attached to the basement membrane of the DED (Fig. 6a). The presence of 
the dark nuclei in Ihese proUferating cells can be clearly seen. Above these basal 
keratinocytes there is a pink keratin layer of differentiated cells. Similar cell morphology 

5 was observed for keratinocytes transferred from a 100% acrylic acid PP (Fig. 6b). Both 
Collagen I and 100% acryUc acid surfaces promoted extensive dermal coverage of DED 
(Figs. 6a and b respectively). Keratinocytes transferred from the 50% acryUc acid PP 
surface (Fig. 6c) shared the same morphological features as the Collagen I and 100% 
acryhc acid samples (i.e. basal keratinocytes attached to the dermis, nucleated cells 

10 within the epidermal layer). However, as demonstrated from the MTT-ESTA assays in 
Fig. 4, the number of transferred cells from the 50% acrylic acid surface was lower 
compared to the 100% acid surfece, resulting in a less continuous keratin layer at the 
outer surfece (Rg. 6c). 

15 The use of a hydrocarbon plasma polymer as a negative control is important because a 
previous study has raised doubts about the suitabiUty of TCPS as a control'. These 
concerns have arisen because of the surface treatments given to TCPS during 
manufecture, which may render TCPS unstable to aqueous solutions depending on the 
level of oxidation at the surface. It is unclear whether different batches of TCPS receive 

20 precisely the same amount of surfece oxidation, or if this surface oxidation is 
susc^tible to ageing. 

Although the dependence of cell attachment on functional group concentration is yet to 
be fully explored, keratinocytes have shown enhanced attachment on surfeces with low 
25 amounts of acid functionality^ However, it should be recalled that the acid PCPs also 
contain other O-C functional groups, predominantly C-OH. Even so, our previous 
studies have demonstrated that add PCPs are conq)arable to collagen I in terms of 
degree of confluency and cell number (as determined by DNA assay). 

30 In aqueous media, the acid PCPs can hydrate, and the stabiUty of acid PCPs has been 
shown to be dependent on tiie concentration of acrylic acid in the monomer flow. High 
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concentrations of acid (>60% of the total flow) result in less stable surfaces. This 



ideal for promoting attachment and subsequent proliferation. However, with regard to 
cell transfer from acid surfeces, different criteria are likely to apply. Whilst low 

5 concentrations of acid groups impart stability to the surface, tiie keratinocytes may be 
sufficiently well attached that transfer is inhibited. This assertion is borne out in the 
results of the transfer experiments, where 25% acid flow in the monoma feed 
(equivalent to 2.6% carboxyUc acid at the PCP surface) showed the lowest degree of 
transfer to DED. In contrast, with 100% acid flow in the monomer (>20% carboxylic 

10 acid at the PP surface), transfer of cells was significantly higher. These surfaces were 
only out-performed by collagen L With 50% acid in the monomer flow, transfer was 
intermediate between the high and low functionality surfeces, as would be expected. 
These results indicate that flie optimum surfaces for promoting attachment and 
proliferation may not be those which result in liie largest degree of keratinocyte transfer 

15 ftom PCPs to DED. The low amount of transfer fcom the hydrocarbon PP confirm that 
such a surface is not capable of supporting keratinocytes in a proliferative state. 
Although the dependence of cell transfa: on functional group concentration is yet to be 
fully e3q)lore4 keratinocytes show enhanced hansfer from surfaces with high amounts 
of acid fimctionaHty. It is clear, therefore, that there exists a compromise between 

20 surfaces which promote proliferation (low acid functionality) and those which promote 
transfer (high acid functionality). 

The results of the attachment and transfer experimaits show that tiie choice of carriCT 
polymer does not greatly affect the cell behaviour, and that the 100% aciyUc acid PP 
25 surfaces are sufficiently durable to withstand ethylene oxide sterlization. These PP 
surfaces are also unaffected by y-irradiation, but the use of PVC in the carrier polymer 
precludes this technique ftom being used, unless the PVC has been stabilised for y- 
irradiation. The degradation of PVC under y-irradiation is well documented'**"". 

hi comparison to normal skin", the transfenred cells in the current study did not always 
30 achieve a normal pattern of keratinization. Typically the variations seen were (i) the 
presence of nucleated cells within the superficial layers of the epidermis, similar to the 



requirement led to tiie development of low concentration acid surfaces (<5%) as being 
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parakeratosis seen in dysmorphic skin conditions, and (ii) small aggregates of cells with 
a similar morphology to basal keratinocytes present in the superficial epidermis (Figs. 
'63, b and c). However, the DHD comprising keratinocytes transferred from Collagen I 
and 100% araylic acid surfaces (Figs. 6a and b respectively) showed a pattern of 

5 keratinization resembling normal sJdn in a number of features, and it is seen that 
keratinocytes appeared to grow into tiie clefts and spaces left by features such as hair 
follicles and glandular structures of the skin. Both the Collagen I and 100% acrylic acid 
surfaces promoted extensive keratinocyte coverage of the DED, typified by a continuous 
epidermal layra: of cells. One distmction between the Collagen I (Fig. 6a) and 100% 

10 acrylic acid (Fig. 6b) is that the epidermal keratinocytes fix)m the latter surface exhibit 
some separation from the basal keratinocytes. The majority of the qpidermal 
keratinocytes are, however, in contact with the proUferating cells.below. 

to sCTum-containing medium, cells respond to an absorbed layer of protein, rather than 
15 directly to the substratum itself**. This interfecial protein layer absorbs (ahnost) 
spontaneously. The dififeraices in cell response to the substrata under investigation 
suggest that there are either changes in the conqjosition of the protein fihns tiiat adsorb 
or in the activities of these proteins after adsorption, or a combination of both of these. 
Cell attachment has been shown to be supported by a numbw of adhesive proteins, such 
20 as fibronectin and vitronectin. Tidwell et al.^^ have shown differences in the protein 
layers that develop on SAMs with alkanethiolates of diJBferent teaminal chemistries and 
fliat these, m turn, stq>port different levels of bovine aortic endothelial cell attachment 

Whilst cell attachment and spreading are important conditions for cell proliferation, they 
are not exclusive conditions. Serum is also a source of growth factors and these have 
25 beMi shown to be essential for the prohfearation of primary mammalian cells. It has been 
suggested that the adsorption of growfli factors onto extracellular matrix material plays a 
role in their activation'^ 

Previously, keratinocytes have been deUvered to wound beds in vitro and in vivo using 
fibrin glue''^ and polymer sheets^'*^. These have relied upon initial keratinocyte 
30 attachment to an animal-derived material (e.g. collagen). The risk of disease 
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20 



transmission is a growing concern in the clinical use of cells. Therefore, reduced 
reliance on animal-derived materials is seen as important. The plasma polymerized 
surfaces described herein effectively promote cell attachment and transfer to a degree 
sufficient for consideration for clinical use. 

Based upon the above discussion, it is evident that the success of the acid PCPs in 
supportmg keratinocyte attachment and transfer is multi-factorial. However, our results 
would indicate that keratinocyte attachment and transfer are promoted specifically by 
the carboxylic acid functionality. This is most probably through control of the 
interfacial protein layer that forms from serum. 

Plasma polymerized surfaces containing high concentrations of carboxylic acid g;roiq>s 
encouraged keratinocyte attachment and transfer to DED compared to hydrocarbon 
surfaces. The initial attachment of cells on surfaces containing -20% acid groups was 
comparable to that of cells on collagen I substrates after 24 hours in culture. 

EXAMPLE 4 

From medical grade PVC, (supplied in transparent, conformable rolls), 6cm discs were 
punched out and exposed to plasma polymerisation using an acrylic acid 'monomer. 
Deposition was carried out under the following conditions: acrylic acid flow rate of 12 
seem using a plasma power of 1 W for a period of 20 mins in a tubular glass reactor. 
After 20 mins the plasma was turned off and the acrylic acid was left flowing through 
the reactor for 20 minutes before the samples were exposed to laboratory air. This 
minunises the uptake of oxygea into the plasma polymCT layer from the laboratory 
atmosphere. The samples were sterilised either by ethylene oxide or gamma irradiation 
before clinical use. The surface thus produced is a TranCell^ suifece. 

The ulcers shown in Figures 7a-i resulted from diabetes and caused by neuropathy. The 
examples are fix>m 3 patients. The wounds were non-infected and and debrided before 
before delivery of the patients cells from the treated PVC substrate. Other patients were 
treated in a similar fashion to treat non-healing wounds, pretibial lacerations and 
wounds which were unsuitable for grafting with similar results. 
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Iq all examples a biopsy of 2 x 1.5cm in diameter was obtained from a patient as a thin 
shave. The patients keratinocytes were then expanded in the laboratory and the majority 
frozen down. Cells were seeded onto plasma polymer surfaces for 2 days before 
applying the cells back to the pati^ts wound. 

5 The examples shown in Figures 7a-i illustrate how repeated applications of the substrate 
according to the invention can produce remarkable healing in chronic skin wounds. 

EXAMPLE 5 

As in Example 3 , transfer of the cells from a 100% acid surface <i.e. 100% acrylic acid 
10 in the plasma gas) was measured by three diiBferent woimd beds in vitro. The 100% acid 
surface is the TranCell™ dressing. The results show that the degree of transfer is 
effected by the presence/absence of a basement membrane (BM) in the wound bed 
substrate. The highest degree of transfer (TranCell, collagen I) occurred with tiie BM 
present These data are suggestive of the fact that during the early stages of application 
IS of the substrate, healing is promoted by keratmocytes attached to the plasma 
polymerised surface which secrete growth factors. 
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CLAIMS 



1. A cell transfer substrate comprising at least one surface wherein said surface is 
5 obtainable by plasma polymerisaton of a monomer preparation to provide a plasma 
coated surface. 



2. A substrate according to Claim 1 wherein said surface is at least 2% acid. 

10 3 . A substrate according to Claim 1 wherein said surfece is at least 5% acid. 

4. A substrate according to any of Claims 1-3 wherein said surface has an acid 
content of 2 - 20%. 

15 5, A substrate according to Claim 1 wherein said surface has an acid content 

greater than 20%. 

6. A substrate according to any of Claims 1-5 wherein said surface has been treated 
by plasma polymerisation with a volatile acid, 

20 

7. A substrate according to Claim 6 wherein said volatile acid is selected fix>m the 
group consisting of: acrylic acid; methacrylic acid; propanoic acid; or maleic 
anhydride. 

25 8. A substrate according to Claim 1 wherein said surface has been treated by 
plasma polymerisation with a volatile alcohol. 

9. A substrate according to Claim 1 wherein said surface has been treated by 
plasma polymerisation with a volatile amine. 

30 
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10. A substrate according to Claim 1 wherein said smface has been treated by 
plasma polymerisation with a mixture of volatile acid and volatile hydrocarbon. 

11. A substrate according to Claim 1 wherein said substrate is coated with a plasma 
co-polymer. 

5 

12. A substrate according to Claim 11 wherein said co-polymer is a plasma co- 
polymer of an acidic monomer. 

13. A substrate according to any of Claims 1-12 wherein said substrate comprises 

10 an olefin or an aliphatic polyolefin polymer.. 

f 

14. A substrate according to any of Claims 1-12 wherein said substrate comprises a 
polymer selected &om the group consisting of: diene rubber; butyl rubber, nitrile 
rubber, polybutadiene; polyisoprene ethylene-propylene rubber; or polychlorprene. 

15 

15. A substrate according to any of Qaims 1-12 wherein said substrate comprises a 
polymer which is an ethylene co-polymer. 

16. A substrate according to any of Claims 1-12 wherein said substrate comprises a 
20 vinyl polymer. 

17. A substrate according to Claim 16 wherein said vinyl polymer is selected firom the 
group consisting of: polyvinyl chloride; polyvinyl acetate; or polyvinyl alcohol. 

25 18, A substrate according to any of Claims 1-12 wherein said substrate comprises 
an acryhc polymer. 

19. A substrate according to any of Claims 1-12 wherein said polymer comprises a 
styrene based plastic. 

30 
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20. A substrate according to any of Claims 1-12 wherein said polymer comprises a 
polyamide. 

21. A substrate according to any of Claims 1-12 wherein said polymer comprises a 
5 polymer wherein said polymer is a silicone polymer. 

22. A substrate according to any of Claims 1-21 and at least one mammalian cell 
attached thereto. 

10 23. A substrate according to Claim 22 wherein said mammalian cell is human. 

24. A substrate according to Claim 23 wherein said hmnan mammalian cell is 
selected from the group consisting of: epidermal kOTtinocytes; demial jSbroblasts; adult 
skin stem cells; embryonic stem cells; melanocytes, corneal fibroblasts, corneal 
15 epithelial cells, corneal stdn cells; intestinal mucosa fibroblasts, intestinal mucosa 
keratinocytes,oral mucosa fibroblasts,oral mucosa keratinocytes, urethral fibroblasts and 
epithelial cells, bladder fibroblasts and epithelial cells, neuronal glial cells and neural 
cells, hepatocyte stellate cells and epithelial cells. 

20 25. A substrate according to Claim 24 wherein said skin cell selected &om the 

group consisting of: a keratinocyte; a fibroblast; an adult skin stem cell; or a 
melanocyte. 

26. A method to culture mammalian cells on a substrate comprising the steps of: 
25 i) providing a preparation comprising; 

a) mammalian cells; 

b) a substrate according to any of Claims 1-21 ; 

c) cell culture medium sufficient to support the growth of said mamunalian; 
and 

30 ii) providing cell culture conditions which promote the proliferation of said 
mflTnTnftlian cells on said substrate. 
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27. A method according to Claim 25 wherein said substrate has attached thereto, 
fibroblast feeder cells. 

28. A method according to Claim 26 or 27 wherein said medium does not' include 
5 serum.' 

29. A method according to any of Claims 26-28 wherein said mammalian cells are 
human. 

10 30. A method according to Claim 29 wherein said mammalian cells are selected 
firom the groiq) consisting of: epidermal keratinocytes; dermal fibroblasts; adult skin 
stem cells; melanocytes, corneal fibroblasts, corneal epithelial cells, corneal stem cells; 
intestinal mucosa fibroblasts, intestinal mucosa keratinocytes,oral mucosa 
fibroblasts,oral mucosa keratinocytes, urethral fibroblasts and epithelial cells, bladder 

15 fibroblasts and epithelial cells, neuronal glial cells and neural cells, hepatocyte stellate 
cells and q)ithelial cells. 

31. A method according to Claim 29 or 30 wherein said mammalian cells are 
autologous. 



32. A method according to Claim 3 1 wherein said cells are keratinocytes. 

33. A method according to any of Claims 26-32 wherein said fibroblast feeder cells 



34. A method according to Claim 33 wherein said fibroblast feeder cells are human 
dermal fibroblasts or human oral fibroblasts. 

35. A method according to Claim 33 or 34 wherein said feeder cells are autologous. 



20 



are human. 
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36. According to a further aspect of the invention there is provided a method to treat 
a mammal, preferably a himian, suffering from a wound comprising contacting the 
wound with a mammalian cell-bearing substrate according to any of Claims 21-25. 

5 37. A method accordmg to Claim 36 wherein said wound is a cutaneous wound. 

38. A method to coat a substrate comprising the steps of: 

i) providing at least one organic monomer; 

ii) creating a plasma of said organic monomer, and 

10 iii) coating said substrate with said plasma to provide a plasma coated substrate 
according to any of Claims 1-21. 

39. A inethod according to Claim 38 whereia said monomer is an acid monomer 
source comprising 30-99% acid monomer. 

40. A method according to Claim 39 wherein said acid monomer source consists of 
a 100% acid monomer source. 

41 . A method according to Claim 40 wherein said method consists of a 1 00% acrylic 
20 acid source. 

42. A method to treat the substmte comprising the steps of: 

1) providing a selected ratio of a monomer and a hydrocarbon in a gas feed; 
ii) creating a plasma of said mixture; 
25 iii) coating said substrate with said plasma to provide a plasma coated co- 

polymer substrate according to Claim 11 or 12. 

43. A method according to Claim 42 wherein said monomer is an acid monomer. 

30 44. A mettiod according to Claim 43 wherein said acid is acrylic acid and said 
hydrocarbon is a dime. 
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45. A method according to Claim 44 wherein said diene is 1,7-octadiene. 

46. A method according to any of Claims 42-45 wherein said plasma comprises 50- 
5 1 00% unsaturated acid and 0-50% diene in the gas feed. 

47. A method according to Claun 46 wherein said plasma comprises the following 
ratios of acid and diene: 



10 



15 



Acid 


diene 


% 


% 


50 


50 


6.0 


40 


70 


30 


80 


20 


90 


10 


100 


0 



in the gas feed. 



48. A method according to Claim 47 wherein said substrate comprises a vinyl 
20 polymer. 

49. A method according to Claim 46 or 47 wherdn said acid is acrylic acid and said 
hydrocarbon is a diene. 
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Table 1 



Polymer 


Source 


PVC 


Baxter S A. (Belgium), Ciyocyte Bag 


PVC 


Baxter S A. (Belgium), R2003, PL 1240, Transfer Pack 


PVC 


■Baxter SA. (Belgium), R2089, PL 146, Transfer Pack 


PVC 


Pall Medical (U.K.). WBT 410CU, Plasma Bag 


Polypiopjdene 


Solvay Draka (Netb.), Solmed Infuflex 7210 


PVC 


Solvay Draka (Netk), Solmed lYansflifol, 3226 Seta 


PVC 


Solvay Draka (Neth.), Solmed Vinylfoil. 5550 Seta Glad 


PHB 


Goodfellow (UK)^ Biopol 
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Table 2 







% functionality in C Is core level 


Faa/Ftot 


O/C ratio 


C-C,£-H 


C-OH/R 


C=0 


COOIKR 


0 


0.04 


95.8 


4.7 






0^ 


0.11 


88.4 


5.7 


1.0 


2.6 


0.5 


0.16 


87.1 


1.4 


1.2 


5.4 


1.0 


0.51 


50.1 


5.8 


2.9 


20.6 


Canier 


0.47 


52.2 


1.2 


16.0 


16.0 
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Tables ' 



Surface Functionality 


Atomic % on as-treated PP 


Atomic % on ethylene oxide 
sterilized PP 




58.9 


57.4 


C-OWR 


2.5 


10.8 




3.6 


2.9 


COOH 


18.3 


15.3 


O/C ratio 


0.49 


0.45 
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Table 4. 



Polvmer 


Cell attachment 


Cell transfer to 


Rank (by 
eye, based 
uponMTT 
assay of 
DED) 


Suitability for 

clinical 

handling 


1) PaU Medical (UK), 
WBT410CU, Plasma 
BagOPVC) 




++ 


2 


✓ 


2) Baxter, SA 
(Belgium), R2003, PL 
1240, Platelet Bag 
(PVC) 


+++ 


+++ 


1 


✓ 


3) Baxter, SA 
(Belgium), R2089, PL 
146, Transfer Pack 
(PVQ 


++ 


+ 


5 


✓ 


4) Baxter, SA 
(Belgium), Cryocyte 
Bag (silicone) 


•H- 


■H- 


3 




5) Solvay Draka (NetL), 

Solmedlnfiiflex7210 

(Polypropylene) 


+++ 


4+ 


2 


x(not 
sufficiently 
pliable) 


6) Solvay Draka 
(Neth.), Solmed 
Transfufol, 3226 Seta 
(PVQ 


+++ 


+ 


4 


x(too tiiick) 


7) Solvay Draka 
(Neth.), Solmed 
Vinylfoil,5550 Seta 
Glad, rough side (PVC) 


+++ 


++ 


1 




8)Goodfellow(UK), 
BiopolOPHB) 


+++ 


+4-f 


1 


✓ 
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